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SUMMARY 


Three 7-5° hoattail bodies of revolution with varying base-annulus 
areas and jet sizes provided with siniulated— turbojet— exhaust rocket 
motors were flight-tested to determine the jet interference effects on 
drag over a Mach number range from approximately O .87 to 1 . 5 . The 
results indicated that in the transonic and low-supersonic speed range 
the jet caused positive pressure increments on the base and boattail 
which appreciably reduced the configuration drag from the power-off 
condition. At the higher supersonic speeds, the jet caused positive 
pressure Increments only on the base and resulted in a smaller reduc- 
tion in body drag from power-off conditions. 

In the present tests the jet size appears to play a secondary role 
in reducing drag for an average jet static-pressure ratio of 5-65- 


INTRODUCTION 


Modern hi^-speed airplanes have penetrated the supersonic fli^t 
regime, and an increasing amount of interest is being directed toward 
the effects propulsive jets have on the external drag of housings for 
turbojet engines, since this can represent an appreciable percentage 
of the total drag. Data on base pressures and boattail drag have been 
reported in references 1 to 7 where it has been shown that the after- 
body drag can be appreciably hi^er than the forebody drag of the con- 
figurations and that large drag savings may be realized, depending on 
the afterbody configuration, nozzle design, and jet operating conditions. 

At present, there is no conqjletely adequate analytical method 
available other than the semleiirpirical theories for calculating or pre- 
dicting base pressures caused by the jet. Most of the systematic 
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investigations reported thus far (refs. 1 to 7) ha.ve been made at 
supersonic velocities and little information is available in the 
transonic and low-supersonic speed range (ref. 8) in which present- 
day jet aircraft are operating. 

The present investigation was conducted by the Langley Pilotless 
Aircraft Research Division to determine the effects of a jet issuing 
from a rocket, designed to simulate t\n:bojet exit conditions, on body 
drag throu^ the transonic and low-si 5 )ersonic speed range. 

Three research models with the same external configuration but 
with varying jet sonic-exit sizes propelled with turbojet simulators 
(designed according to ref. 9) were free-flight-tested at zero angle 
of attack at the langley Pilotless Aircraft Research Station, Wallops 
Island, Va. 

The Mach number range covered from 0.875 to 1.5, and the Reynolds 
number range covered from 25 X 10^ to 55.5 x 10^, based on body length. 

SYMBOLS 


A 

S 

a 

g 

7 

M 

P 

R 


I0 


area, sq ft 

maximum cross-sectional area, sq ft 
acceleration, ft/ sec^ 
acceleration due to gravity, ft/sec^ 
ratio of specific heats 
Mach number 

static pressure, Ib/sq ft abs 
Reynolds number based on body length 

P - Po 

pressiire coefficient, — ^ — 1=- 
drag coefficient, D/qoS 

dynamic pressure, Ib/sq ft 
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T thrust, lb 

D drag, lb 

W weight, lb 

0 fli^t-path angle, deg 

Subscripts : 

0 free stream 

j Jet exit 

b base 

t rocket throat 

a base annulus 

T total 

1 instantaneous 

L longitudinal 

DESCRIPTION OF MODEIS 

Models 1, 2, and 5 had a ratio of Jet to base area of 0.844, O.706, 
0.565, respectively. Details and dimensions of the configurations 
are given in figure 1. The fuselage was identical for all three models 
and consisted of a parabolic nose Joined to a 6.50-inch-diameter cylin- 
drical body with a conical boattail. The parabolic nose section, 
coordinates of which are given in table I, was 26.00 inches long, and 
the strai^t cylindrical section was 28.05 inches in length. The coni- 
cal afterbody had a 7.5° boattail angle and was 10.97 inches long. Four 
thin 60° sweptback fins with beveled leading and trailing edges attached 
to the conical afterbody were used to stabilize the body in fli^t. The 
body total length was 65. 00 inches for all three models. Photographs 
of the external configuration are shown in figure 2. 

A comparison of the differences in base annuli for the models 
tested is revealed in figvre 5* Also shown in this figure is a view 
of the base static-pressure tube used to measure base pressure. 
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Figure 4 shows a cross section of a typical turbojet simulator 
used in flight. It consisted essentially of a combustion chamber, a 
flow-control nozzle, a plenum chamber, and a convergent sonic-exit 
section. The simulator utilized a modified 5.25-inch aircraft rocket 
combustion chamber containing a specially machined cordite SU/K pro- 
pellant. The throat and exit diameters are also listed in figure 4. 
The base and motor static-pressure tubes used for flight measurements 
were located as shown in figxire 4. 


TESTS AND INSTRUMENTATION 


The models were launched from a rail-type launcher at approximately 
a 60° angle as shown in figure 2(b) . A single 65 ~inch HVAR rocket motor 
boosted the models to supersonic speeds. After separation from the 
booster, the models decelerated to a l^ch number of approximately O .85 
before the turbojet simulator was fired which accelerated the models 
to their peak tfech numbers. 

A four-channel telemeter which was carried in the nose of each 
model continuously transmitted measurements of base static pressure, 
motor static pressure, and low-. and high-range longitudinal-accelerometer 
data to the ground receiving stations. Flight data were also obtained 
from CW Doppler velocimeter, SCR 584 radar, tracking cameras, and radio- 
sonde. These data were used to obtain total drag coefficients, Mach 
number, and free-stream static pressure (by methods described in ref. lO) 
as well as base pressure and base drag coefficients. 

Static firings were performed on each of the turbojet simulators 
used in the fli^t models to determine whether each unit met the speci- 
fied engine parameters. Reference 9 gives the method used in simulating 
required engine exit parameters. The turbojet exhaust parameters simu- 
lated by these units were jet thrust, weight flow, and jet static -pressirre 
ratio. The exhaust-gas stagnation teraperatiare for these units was 
approximately 4,000° R, and the specific-heat ratio was approximately 
1 . 25 . These scaled-down parameters simulated approximately those of a 
current full-scale turbojet engine with afterburner operating at an 
altitude of 55,000 feet and a free-stream Mach number of 1.2. 


ANALYSIS 


The thrusts of the rocket motors during flight tests were computed 
by using the following equation; 
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Tj = PjAj(7Mj^ + 1) - PcAj ' (1) 

The rocket motor for each flight model was statically test-fired at 
the Langley rocket test cell. A calibration curve of jet exit static 
pressure was established from these tests as a function of a 

motor static pressure whose orifice location is as shown in figure k. 
These calibration curves were then used along with measurements of 
motor static and free-stream static pressure to obtain the thrust 
during flight. 


The power-on drag coefficients were determined from the following 
equation: 





“i(^ + sin e) 


qS 


( 2 ) 


where the net acceleration and flight-path angle were obtained directly 
from flight measurements and the thrust was coinputed from equation ( l) . 

The base pressure coefficients referenced to free-stream conditions 
were obtained from the following relationship: 


C - ^ 


- P. 


<lo 


(5) 


The base drag coefficients for power-off and power-on conditions 
referenced to maximum body area were computed according to the following 
equations: 


For power off 


For power on 


A-k 




(4a) 


(4b) 


TEST ACCURACY 


To establish telemeter instrimient accuracies over a number of 
years, statistical data have been compiled on instrimient measurements. 
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and on this basis it is believed that the maximum probable error of 
each measurement is within ±1 percent of full-scale range. 

The basic accuracy of the power-off drag coefficients presented 
herein has been established by comparison of the individual drag- 
coefficient curves of the three similar models. Any deviation in drag 
coefficients which existed for these curves could have been caused by 
model dissimilarities in construction and finish, and/or instrumentation 
errors of the CW Doppler velocimeter, tracking radar, telemeter, and 
radiosonde. A power-off drag-coefficient curve was established by 
using the root-mean-square values of drag coefficients of the individual 
models. The maximum probable errors for the individual-model drag coef- 
ficients were then taken as the maximum deviation of any one of the 
three curves from the root-mean-square drag-coefficient ciirve. On the 
basis of the foregoing, the test accuracies are within the values tabu- 
lated as follows for the power-off condition: 




Fuselage 

Msasured 

M 

AM 



0-95 

±0.010 

±0.0100 

±0.0095 

1.25 

±.005 

t. 00526 

±.0025 

1.40 

±.005 

±.Oo415 

±.0025 


The degree of accirracy obtained for computed power-on drag coef- 
ficients was based mainly on the accuracy with which the thrusts of 
the rocket motors were computed, since the absolute values of the thrust 
were four to six times greater than those of the drag for all models 
tested. It was conceivable that a maximum probable error of tlO pounds 
of thrust could have been inherent in the technique used for obtaining 
absolute values of fli^t thrust. This corresponds to an error in power- 
on drag coefficients of tO.CA- at M = 0.95 and to. 02 at M = 1.3 for 
all models tested. 


RESULTS AMD DISCUSSION 


The Mach number range covered by these flight models varied from 
approximately 0.875 to 1.5* The Reynolds number based on body length 

varied from 27 X 10^ to 55*5 X 10^ during the power-off period and for 

the power-on period from 25 X 10^ to 40.75 X 10^ as shown in figure 5- 
The range of Reynolds number covered by all models indicates that the 
boundary layer near the base was turbulent. 
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The variations of total drag coefficient, base drag coefficient, 
and base pressiore coefficient (for power off and power on) and jet 
static-pressin:e ratio with free-stream Mach number are presented in 
figures 6, 7, and 8 for models 1 , 2 , and 5, respectively. The total 
power-off drag coefficients for these three similar models are in agree- 
ment with each other. 

Jet interference effects on body drag of the configurations have 
resulted in considerably lower power-on drag coefficients throughout 
the Mach number range of these tests. At transonic or low supersonic 
speeds the reduction in drag is much greater than at the higher si5>er- 
sonic speeds. The difference in drag at the hi^er supersonic speeds 
between the power-off and power-on phases is approximately equal to the 
magnitude of the difference in base drag as can be seen in the plots 
of base drag coefficients in figures 6, 7, and 8. Coefficients of base 
pressure for the power-on phases remain positive (in the direction of 
thrust) throughout the test Mach number range, whereas the power-off 
base pressure coefficients are positive below M = 1 and then become 
negative throi:ighout the rest of the test range. 

Differences in drag at transonic or low supersonic speeds between 
power-off and power-on conditions are greater than the change in base 
drag alone. These differences range between three to five times greater 
than the difference in base drag. It is felt that positive pressure 
increments acted on part of the boattail to cause these noted reductions 
in drag in this speed range. Reference 8 reported the same general trends 
in this speed range, except that the magnitude of the difference was not 
so pronounced. This could have been due to the fact that the Jet static- 
pressure ratio, ratio of specific heats, and temperature of jets differed. 

Examination of shadowgraphs of sonic jet issuing from conical boat- 
tail bodies (ref. 11) indicated that the jet expands to the full base 
area or greater depending on jet pressure ratio. Jet static-pressure 
ratios for the present tests averaged approximately 5.65 which caused 
the jet to expand beyond the base area. Thus, with the jet issuing 
from the base, the external flow over the 7.5° boattail had to negotiate 
a flow deviation near the immediate vicinity of the base due to the 
expanded jet. When free-stream flow over the boattail is subsonic, 
positive pressvu-e increments can be propagated upstream. It is believed 
that the external flow over the boattails for the power-on phases of the 
present tests was supersonic. To surmount this flow deviation imposed 
by the expanded jet, the flow over the rear portion of the boattail up 
to approximately M = 1.2 probably separates. This condition of flow 
separation will cause a shock wave to form in the external flow upstream 
of the base, giving rise to the occurrence of positive pressure increments 
on the boattail (see ref. 12 ). Another possible contributing factor to 
this reduction of drag at transonic and low supersonic speeds is the 
decrease in fin drag. When considering the location of the trailing 
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edge of the fins with respect to the bifurcated shocks (upstream limb 
and trailing wake) , it is possible to have positive pressure increments 
acting on the trailing edge of the fins, hence also contributing toward 
reduction of drag- 

Comparison of the average power-off total drag of the configurations 
with individual-model power-on drag is shown in figure 9* Although there 
does exist some deviation among the individual power-on drag-coefficient 
ciarves, the relative difference between them is considered to be generally 
small. It can be concluded from figure 9 that this range of jet sizes 
plays a minor role for this boattail angle and jet pressure ratio over 
most of the test Mach number range in reducing the drag. 

Figure 10 contains plots of the change from power on to power off 
of base pressure coefficient ACp^ and base drag coefficient ACq^ as 

a function of area ratio of jet to base Aj/a-^ for several Mach numbers. 

Figure 10(a) indicates that the jet effect on the base pressure coef- 
ficients becomes slightly more positive with increase in area ratio. 

Figure 10(b) shows that, although the change in base pressure coefficient 
increases sli^tly with area-ratio increase, the effect of increasing 
the area or decreasing the jet size appears to overshadow the 

pressure effect. Thus, the change in base drag coefficient decreases 
with increasing jet size. Also apparent for the models tested, 

_ 0.565 gave a maximum reduction in base drag coefficient from 

a power-on to a power-off condition. 

interesting comparison of the engine performance with sonic 
and computed supersonic exhaust nozzles can be made by using the data 
presented herein. A thrust coefficient was computed for a supersonic 
jet that expanded to free-stream static pressure and filled the entire 
base. It was assumed that the forebody drag was the same as that of 
the power-off condition. A net thrust coefficient of 1.159 was obtained 
at M = 1.10 by subtracting this power-off forebody drag from the 
computed thrust coefficient. The comparable flight test model with a 
sonic jet exhaust at the base hsid a net thrust coefficient of 1.189- 
Thus, it seems that in the transonic and low-supersonic speed range no 
apparent advantages would be gained by using a supersonic nozzle. 
Furthermore, from the standpoint of wei^t savings, it would be advan- 
tageous to use a sonic nozzle in this speed range. 


CONCLUSIONS 


In summarizing the results of the present tests, certain findings 
are of particular interest. The results obtained from the three similar 
flight models tested indicated the following; 
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1. In the transonic or low-supersonic speed range of this investi- 
gation, the jet affected the base and hoattail pressures in such a 
manner as to cause an appreciable drag saving from the power-off condition. 

2. In the higher supersonic speed range of the present tests, the 
jet influenced only the base pressures in such a manner as to cause drag 
reductions . 

5 . In the present tests, a change in jet diameter from J^.l6 to 
2.58 inches played a secondary role in the magnitude of power-on drag 
coefficient throu^out the ffech number range stiodied. 


Langley Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va. , bfey 19 ^ 1955 * 
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TABLE I.- COORDIMTES OF PARABOLIC NOSE 
(^Station measured from fuselage nose] 


Station, 

in. 

Ordinate, 

in. 

0 

0 

1 

.245 

2 

.481 

k 

.923 

6 

1.527 

10 

2.019 

Ik 

2.558 

18 

2.942 

22 

5- 173 

26 

5.250 




»|- 4.42 



Figure !•- External configuration of flight model. All dimensions 

in inches. 






Ik 
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Figure 2.- Photographs of flight models 
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(b) Model and booster on launcher. 


L- 83 161.1 


Figure 2.- Concluded 
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Model 1; = 0*8Ui4. 



Base static-pressure tube 


Model 5; Aj/Ai, = 0.565 


i>89307.1 

Figure 5.- Photographs showing close-up views of the variation in base 
annulus area for flight models tested. 



Motor static-pressure orifice 
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Figure k.- Cross section of typical turbojet slmilator. 
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CD 



1.0 1.1 1.2 1.3 


l.it 1.5 1.6 


(a) Total and base drag coefficients. 



1.0 i.i 1.2 1.5 1.4 1.5 


(b) Base pressure coefficient. 



(c) Jet pressure ratio. 


Figure 6.- Total and base drag coefficients, base pressure coefficient 
and jet pressure ratio as a function 'of free-stream Mach number. 
Model 1 ^Aj/A^j = 0.844). 
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1.0 1.1 1.2 1.5 i.U 1.5 1.6 


(a) Total and base drag coefficients, 


"Pb 



(b) Base pressure coefficient. 



«0 


(c) Jet pressure ratio. 

Figure J,- Total and base drag coefficients, base pressure coefficient, 
and jet pressure ratio as a function of free-stream Mach number. 
Model 2 (Aj/Aj^ = O.706). 
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(a) Total and base drag coefficient. 




(c) Jet pressure ratio. 


Figure 8 .- Total and base drag coefficients, base pressiire coefficient, 


and Jet pressiire ratio as a function of free-stream Mach nimiber. 
Model 5 = O.563). 
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(a) Variation of the change in base pressure coefficient as a function 

of area ratio of jet to base. 



(b) Variation of the change in base drag coefficient as 
a function of area ratio of Jet to base. 

Figure 10.- Variation of the change in base pressure coefficient and base 
drag coefficient for various Mach numbers as a function of area ratio 
of jet to base. 
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